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Sulﬁde1. Introduction
Fluids extracted from oil wells are transported and separated into their constituent components of oil, gas, and water by
means of pressure vessels usually referred to as oil–gas separators. Carbon steels are commonly used as structural materials
of piping systems used in these vessels because of their lower cost and wider availability despite their relatively lower
corrosion resistance, e.g. [1,2]. Examples of corrosive species in crude oil include hydrogen sulﬁde (H2S), elemental sulfur,
carbon dioxide, inorganic salts including various metal chlorides such as calcium chloride, magnesium chloride, and sodium
chloride, water, organic acids, and bacteria [3,4].
Although carbon steels can develop a passive layer of iron oxide, ingress of aggressive environments such as chlorides can
lead to breakdown of the passive layer accelerating the corrosion of unprotected surface ultimately leading to the formation
of hydrated iron oxide (rust): Fe2O3H2O, e.g. [5]. This is because complete removal of water from oil is rather difﬁcult and
therefore, it can act as an electrolyte as well as a hydrolyzing agent for chloride phases leading to formation of acidic
environments, which accelerate the corrosion rate. Also, water can mix with dirt falling out of the oil to form sludge at the
inner surface of the pipe, which breads bacteria acting as source of sulfur enhancing corrosion attack. Such problems can be
encountered in sections of pipelines where the ﬂow of oil is not fast enough to maintain water in suspended state. Therefore,
oil and gas pipeline made of carbon steels can be susceptible to internal localized corrosion [6–8].
A problem was encountered in the piping system of an oilﬁeld separator vessel handling crude oil and condensates
containing 1–2 wt.% H2S. According to design speciﬁcations, the piping system was made of SA-106 Grade C carbon steel.
After an unspeciﬁed operating time, an elbow section developed a pinhole. During operation, the internal pressure ranged
from 4.8 to 5.5 MPa and the ﬂowing temperature reached about 130 8C. The failed section was removed for metallurgical
evaluation to determine the most probable cause of failure.* Corresponding author. Tel.: +966 3 860 4317; fax: +966 3 860 3996.
E-mail address: tawancy@kfupm.edu.sa (H.M. Tawancy).
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Representative metallographic specimens were removed from the as-received elbow section for metallurgical evaluation
using light optical microscopy and scanning electron microscopy combined with microchemical analysis employing a
windowless X-ray detector. Inductively coupled plasma-atomic energy spectroscopy (ICP-AES) and combustion calorimetry
(CC) were used to determine the chemical composition of the carbon steel used in the application and specimens were
etched in 3% Nital solution to reveal its characteristic microstructure. Grinding was carried out using Buehler abrasive discs
down to 600 grit size followed by ﬁnal polishing using nylon cloth with 9 mm and then 3 mm diamond paste. Both X-ray
ﬂuorescence and diffraction were used to analyze samples of the corrosion product removed from the inner surface in theFig. 1. Photographs illustrating the elbow section of the pipe where the pinhole was developed. (a) A photograph of the pipe showing the elbow section as
indicated by the arrow. (b) A photograph illustrating the location of the pinhole at the bottom of the elbow section. (c) A photograph of the elbow section in
the as-received condition; the pinhole is indicated by the arrow. (d) A photograph of the elbow section showing corrosion product at the inner surface.
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JDX-3530 X-ray diffractometer system, respectively. The mechanical was evaluated by surface hardness measurement using
Vicker’s hardness tester.
3. Results and discussion
3.1. Visual inspection
Fig. 1 shows photographs of the oil–gas separator vessel (Fig. 1a and b) and the elbow section of the pipe where the pinhole is
detected. A view of the pinhole from the outer surface of the pipe is indicated by the arrow in Fig. 1c. As shown in Fig. 1d, a
corrosion product in the form of rust is observed at the inner surface in the vicinity of the pinhole as further illustrated later.
Noting that a pinhole is regarded as the ﬁrst symptom of corrosion attack, its location as shown in Fig. 1 suggests that the
oil may have not ﬂowing fast enough through the elbow section to maintain water in the form of suspended droplets.
Therefore, water may fall and come into contact with the inner surface of the pipe and initiate a corrosion attack.
Light optical macrographs illustrating the macroscopic features of the pinhole as viewed from the outer and inner surfaces
are shown in Fig. 2. A view from the outer surface shows the pinhole to be surrounded by a section of thinned metal (Fig. 2a). This
suggests that the pinhole is developed by metal wastage due to continued formation and spallation of non-protective surface
scale. This is further conﬁrmed by the characteristic morphology of the pinhole as viewed from the inner surface. At a relatively
small magniﬁcation, the pinhole is observed to be situated at the bottom of a groove or a channel cut through the rust along theFig. 2. Light optical micrographs illustrating the macroscopic features of the pinhole. (a) The pinhole as viewed from the outer pipe surface. (b), (c), and (d)
show the pinhole as viewed from the inner surface at different magniﬁcations.
Table 1
Chemical composition of SA 106 Grade B carbon steel (wt.%).
Element Nominal Measured (ICP-AES) Measured (CC)
Fe Balance Balance
Mn 029–1.06 0.97
C 0.35a – 0.32
P 0.035a 0.01
S 0.035a 0.01
Si 0.10b 0.13
Cr 0.40a 0.19
Cu 0.40a 0.17
Mo 0.15a 0.07
Ni 0.40 0.21
V 0.08a 0.03
a Maximum.
b Minimum: Cr + Cu + Mo + Ni + V  1%.
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corrosion product in the vicinity of the pinhole appears to consist of more than layer as shown in Fig. 2c. This is conﬁrmed by
more detailed characterization along a cross-section of the corrosion product as shown later.
3.2. Veriﬁcation of the elbow material
As demonstrated in Table 1 the measured composition of the elbow material is consistent with that of 106 SA Grade C
carbon steel. Also, the microstructure is observed to be consistent with that of a hypoeutectoid steel as shown in the example
of Fig. 3a. The inset is a magniﬁed image of the encircled region illustrating scattered particles of MnS within the ferrite
grains and the interfaces separating the ferrite grains from pearlite exhibiting the characteristic lamellar morphology. Fig. 3b
shows the elemental composition of the material as observed on the scale of energy dispersive X-ray spectroscopy where
only Fe and Mn are detected.Fig. 3. Veriﬁcation of the elbow material. (a) Backscattered electron image showing microstructure typical of hypoeuotectoid carbon steel, the inset is a
magniﬁed image of the encircled area showing the alternating lamellae of the pearlite phase (scattered particles of MnS are indicated by the arrows). (b)
Corresponding energy dispersive X-ray spectrum showing the elemental composition.
Fig. 4. X-ray ﬂuorescent spectrum derived from a sample of the corrosion product removed from the inner surface illustrating the average elemental
composition noting that elements lighter than sodium could not be detected.
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in the case of elongated particles because of the corresponding strain ﬁeld at the particle–matrix interface [9]. However, as
shown in Fig. 3a, the MnS particles assume rounded-type morphology. Furthermore, the observed morphology of the pinhole is
not typical of the blisters and holidays, which characterize hydrogen-induced cracking [9–11]. On the other hand, sulﬁde-stress
cracking is known to occur in steels with hardness exceeding Rc22 [9,11]. However, no variation in hardness with distance from
the pinhole is observed with an average value of Rb 86 as expected the carbon steel used in the application.
3.3. Analysis of the corrosion product
Fig. 4 shows the elemental composition of a specimen of corrosion product removed from the vicinity of the pinhole on
the scale of X-ray ﬂuorescence (elements lighter than sodium cannot be detected). Of the elbow material, Fe is observed to be
the major elemental constituent as expected with a small concentration of Mn. Other elements present include S with
smaller concentrations of Cl and Ca. A corresponding X-ray diffraction pattern is shown in Fig. 5. As can be seen, all observedFig. 5. X-ray diffraction pattern derived from the sample of Fig. 4 illustrating the co-existence of hydrated iron oxide, iron sulﬁde, and iron chloride.
Fig. 6. An example illustrating the results of analyzing the microchemical composition of the corrosion product at the inner surface around the pinhole. (a)
Secondary electron image illustrating the morphology of the corrosion product surrounding the pinhole. (b) Energy dispersive X-ray spectrum illustrating
the elemental composition of the regions marked 1 in (a). (c) Energy dispersive X-ray spectrum illustrating the elemental composition of the regions marked
2 in (a).
Fig. 7. An example illustrating the results of analyzing the microchemical composition of the corrosion product at the inner away near pinhole. (a)
Secondary electron image illustrating the morphology of the corrosion product (b) Energy dispersive X-ray spectrum illustrating the elemental composition
of the regions marked 1 in (a). (c) Energy dispersive X-ray spectrum illustrating the elemental composition of the regions marked 2 in (a).
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and (iii) iron chloride (FeCl2).
3.4. Microstructural characterization
The surface morphology of corrosion product in the vicinity of the pinhole is shown in the secondary electron SEM image
of Fig. 6a. Energy dispersive X-ray spectra illustrating the corresponding elemental compositions are shown in Fig. 6b and c.
As can be seen, the corrosion product consists of an outer layer enriched in iron sulﬁde (region 1 in Fig. 6a) and an inner layer
of iron oxide containing small concentration of sulfur (region 2 in Fig. 6a). Another example is given in Fig. 7 to illustrate the
surface morphology and composition of the corrosion product at a small distance from the pinhole. It is observed from the
secondary electron SEM image of Fig. 7a and corresponding spectra of Fig. 7b and c that the corrosion product consists of
mixtures of iron oxide and iron sulﬁde, however, a small concentration of Ca is detected in the region enriched with iron
sulﬁde (region 2 in Fig. 7a corresponding to the spectrum of Fig. 7c).
Along the cross-section near the pinhole, the corrosion product is observed to have a layered structure as shown in the
backscattered composition image of Fig. 8a. The outermost surface layer is found to consist of mostly iron oxide containing
smaller concentration of S and Ca corresponding to the energy dispersive X-ray spectrum of Fig. 8b (regions marked 1 in Fig.
8a). This is followed by an intermediate layer of mostly iron sulﬁde (regions marked 2 in Fig. 8a corresponding to the
spectrum of Fig. 8b), and an inner layer of iron chloride (region 3 in Fig. 8a corresponding to the spectrum of Fig. 8c). As
shown in Fig. 9d, the scale attached to the alloy substrate is iron oxide relatively free of S (region 4 in Fig. 8a). Fig. 9 shows X-
ray mapping images illustrating the distribution of various elements within the cross-section of the corrosion product of Fig.
8a. It is observed that the chloride phase is formed near the surface of the elbow, which is expected to disrupt the initial
protective oxide layer developed by the carbon steel. This is followed by the sulﬁde phase. As can be seen, some Ca is present
at the surface of the corrosion product. Therefore, the region shown in Figs. 8 and 9 where the initially protective oxide layer
is overgrown by non-protective scale is expected to represent a potential site for formation of another pinhole. Based upon
the above observations, a plausible sequence of events leading to the formation of the pinhole can be envisioned as described
below.Fig. 8. An example illustrating characteristic microstructure and composition along a cross-section of the corrosion product and into the alloy substrate near
the pinhole. (a) Backscattered electron image showing typical microstructure of the corrosion product formed at the surface of the elbow material. (b), (c),
(d), and (e) are energy dispersive X-ray spectral illustrating the elemental compositions of the regions marked 1, and 2, 3, and 4, respectively in (a).
Fig. 9. X-ray mapping images illustrating the distribution of various elements along the cross-section of the scale shown in Fig. 8. (a) Backscattered electron
composition image. (b) Mapping image of Fe. (c) Mapping image of O. (d) Mapping image of S. (e) Mapping image of Cl. (f) Mapping image of Ca.
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Brine produced with crude oil contains inorganic salts mostly consisting of varying amounts of NaCl, CaCl2, and MgCl2.
When the crude oil is preheated, both CaCl2 and MgCl2 begin to hydrolyze at about 120 8C, however, because NaCl has higher
thermal stability, it does not hydrolyze at that temperature [3]. Therefore, in the present case where the crude is preheated to
about 130 8C, CaCl2 is expected to hydrolyze producing HCl vapor by the following reaction:
CaCl2þ H2O ! 2HCl þ CaO
Also, any MgCl2 is expected to hydrolyze by a similar reaction, however, since no Mg is detected, it is apparent that MgCl2
has been present in very small amount.
Although HCl vapor is not corrosive, its dissolution in water produces highly corrosive hydrochloric acid disrupting the
protective oxide and leading to corrosion of unprotected metal by the following reaction:
Fe þ 2HCl ! FeCl2þ H2
consistent with observation of chloride phase near the metal surface (Figs. 8d and 9e). In the presence of H2S, the corrosion
reaction continues as follows [3]:
FeCl2þ H2S ! 2HCl þ FeS
and since FeS is metastable, it reacts with elemental S, which can be generated by bacteria in the sludge formed at the metal
surface resulting in the more stable FeS2, and the above cycle is repeated by the formation of additional HCl.
4. Conclusion
Based upon the results of this study, it is concluded that the observed pinhole is formed as a result of localized corrosion
involving a sequential chlorination and sulﬁdation reactions. This is correlated with formation of hydrochloric acid by
hydrolysis of inorganic salts in the crude oil particularly calcium chloride and reactions involving hydrogen sulﬁde leading to
continued metal wastage by formation and spallation of non-protective scale.
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